Abstract-Photonic Networks-on-Chip (NoC) is considered as a promising candidate to interconnect a large number of processing cores. The heart of a photonic NoC is the onchip photonic interconnection network which is composed of silicon waveguides and optical routers. In this paper, we propose a scalable and non-blocking passive optical router design using micro-ring resonators (MRRs), namely the generic wavelength-routed optical router (GWOR). We first introduce a 4×4 GWOR router structure and then show how to construct larger size GWORs using 4×4 GWOR as the basic building block. The wavelength assignment schemes for any size GWORs are also derived. For N×N GWOR, N-1 input wavelengths are needed and N-2 different types of MRRs are used. The analysis shows that 4x4 GWOR uses the least number of MMRs and has the least power loss compared with existing router designs.
INTRODUCTION
The rapid advance of technology continues to push up transistor integration capacity, which has enabled a large number of processing cores to be crapped into a Chip Multiprocessor (CMP) or a Multiprocessor System-on-Chip (MPSoC) [1] . A vital challenge faced by many-core-based CMPs and MPSoCs is the design of a scalable on-chip communication architecture which can meet the large bandwidth capacities and stringent latency requirements demanded by these many cores in a power-efficient fashion [1] . Networks-on-Chip (NoC) has been widely adopted as the new on-chip communication paradigm with its better scalability [5] . However, the continuously shrinking feature sizes and increasing complexity of future CMPs and MPSoCs have made metallic interconnects a formidable task to continue to satisfy the bandwidth and latency requirements within the on-chip power budget [1] [16] . With the potential of delivering performance-per-watt scaling, photonic NoCs have been proposed as a promising alternative to electronic NoC 1 6 [14] . The recent advances in nanoscale silicon photonics and development of silicon photonic devices [11] [4] [9] [10] [12] [13] have made photonic NoCs closer to a reality.
The heart of a photonic NoC is the on-chip photonic interconnection network which is composed of silicon waveguides and optical routers [14] . The basic function of a router is to route signals between a set of input and output ports. An optical router is generally constructed by waveguides and optical switches. Micro-ring resonators (MRR)-based optical switches are typically adopted due to their ultracompact size, simple-mode resonances, and ease of phasematching between the MRR and its coupled waveguides [11] . The basic operation of a MRR is shown in Fig. 1(a) . The input light signal will be coupled through the drop port if the input wavelength λ i is the same as one of the resonance wavelengths of the MMR, say, λ r , i.e., λ i satisfies the following equation
where m is an integer, n eff is the effective index of the optical mode, and L is the length of the resonating cavity [14] . Fig.  1 (b) shows a 2x2 optical switch constructed with two MRRs with the same resonance wavelength. By using different size MRRs or tuning the refractive index through either thermooptic (TO) [17] or electro-optic (EO) effect [14] , an incoming signal can be switched to the destined output port based on its wavelength. Optical routers can be classified into two classes according to if TO or EO tuning is used on MMR-based switches: i) active routers using tunable switches, and ii) passive routers with fixed wavelength assignment. Existing non-blocking active router designs include the 5×5 matrix-based crossbar [15] , the optimized 5×5 crossbar with self-communication disallowed [14] , the 4×4 bidirectional hitless router [17] , and the 5×5 Cygnus router [6] . These active routers can help reduce the number of wavelengths needed, but require extra tuning circuitry for each MRR so that the input light signals can be routed to the destined outputs without confliction. The TO effect can achieve a wavelength tuning range of 20nm [9] , however, it requires extra heating/cooling time (in microseconds [16] ) and higher power consumption (0.25nm/mW [17] ). On the other hand, the wavelength tuning range that the EO effect can achieve is limited to 2nm [17] with varied driving power (18~105µW [16] ).
As for passive routers, the routing patterns are set at design time. Hence, they do not require extra tuning and control circuits as active routers. Existing non-blocking passive routers include the λ-router constructed by cascading 2×2 optical switches [3] , the WRON router that has similar structure as λ-router [18] [19] , and the 5×5 passive wavelength-router [8] .
In this paper, we focus on passive routers and propose a scalable and non-blocking optical router architecture, namely the generic wavelength-routed optical router (GWOR). The wavelength assignment schemes are derived for GWORs. Comparisons of GWOR with matrix-based crossbar, WRON, λ-router, and hitless router in terms of the number of MRRs used and power loss are also provided. Fig. 2 shows the 4×4 GWOR which has four bidirectional ports located at four directions, north (N), west (W), south (S), and east (E). Two horizontal and two vertical waveguides are used. Each waveguide is dedicated for direct connection between an input-output pair denoted by I i →O 3-i (where i =0, 1, 2 or 3). For each waveguide, it has one intersection with each one of the waveguides on the orthogonal direction. As a result, the four waveguides form a basic check shape.
II. ROUTER ARCHITECTURE OF 4×4 GWOR
For GWOR, non-blocking routing is realized by assigning MRRs to the appropriate corners of the waveguide intersections so that all input light signals can be directed to their destined output ports. Assume no self-communication is allowed (i.e., input signal from I i will not go to O i ), there exist 12 possible input-output pairs. As four pairs (I i →O 3-i ) are directly connected by the four waveguides, at least eight MRRs are needed to realize the routing of the rest eight pairs.
The principle of wavelength assignment is to assign the minimal number of wavelengths to the input-output pairs so that any input-output communication can be realized without confliction. Given the input-output pair (I i →O j ), the input wavelength C(i, j) is determined by
Tab. I lists the wavelength assigned to each input-output pair. To minimize the number of wavelengths, it can be seen from Tab. I that wavelengths are repeatedly used, i.e., C(i, j)=C (3-i, 3-j) . Hence, the same set of wavelengths is used for all rows and all columns. 
According to the wavelength assignment in Tab. I, to route the light signals from I i to O j and from I 3-i to O 3-j (i, j =0, 1, 2 or 3, i≠j, and i+j≠3), two identical MRRs corresponding to the assigned input wavelength are placed at the corners of the intersection where the light signals should be directed to their destined output ports. As shown in Fig. 2 , only two types of MRRs and totally 8 MRRs are used in the 4×4 GWOR. It is easy to verify that 4×4 GWOR is non-blocking for any unicast communication using the input wavelengths assigned in Tab. I. In addition, multicasting and broadcasting can be supported by multiplexing multiple input wavelengths at any input port.
III. GENERALIZATION OF GWOR

A. Generalization of GWOR to Even Number of Inputs/Outputs
An N×N GWOR (where N=2n and n≥2) can be built based on the 4×4 GWOR. N waveguides are used and each waveguide is dedicated for the direct connection between one input-output pair denoted by I i →O j (where i, j= 0, 1, ..., N-1,  and i+j=N-1) , The N waveguides are partitioned into N/2 groups and each group consists of two parallel waveguides. The following rules are followed to interconnect the N/2 groups of waveguides: 1) The first two groups of waveguides are laid out as in the 4×4 GWOR (Fig. 2) . One can see that any two groups of waveguides form one and only one basic check shape intersection. And there is one and only one intersection between any two orthogonal waveguides.
Similar to the 4×4 GWOR, the routing of N×N GWOR is realized by assigning MRRs to the appropriate corners of the waveguide intersections based on the wavelength assignment scheme derived below. Given the input-output pair I i →O j , the input wavelength C(i, j) is determined by Tab. II lists the wavelength assigned to each input-output pair for 8x8 GWOR. According to Tab. II, to route light from input port I i to output port O j (i, j= 0, 1, ... , N-1 ), an MRR with the assigned wavelength is placed at the only intersection of the waveguides connected to I i and O j when i and j satisfy i≠j and i+j≠N-1. Fig. 4 shows the constructed 8×8 GWOR structure. The constructed N×N GWOR is non-blocking. Proof: According to the construction process of GWOR, each waveguide has one and only one intersection with each of the two waveguide from the other (N/2-1) groups. Therefore, there are totally (N-2) intersections between one waveguide and other waveguides. At the intersection of the waveguides connected to I i and O j (i≠j and i+j≠N-1) , two identical MRRs corresponding to the input wavelength of I i →O j are assigned, as in Fig. 4 . Hence, from any input port, the light signal with the assigned wavelength (from Eqn. (3)) can be directed to the output port connected with the direct waveguide and the other N-2 output ports. In addition, according to the wavelength assignment, on same waveguide, the light signals sent between different input-output pairs (for instance, I 0 →O 1 and I 1 →O 7 in Fig. 4 ) do not conflict with each other because they use different wavelengths. Hence the proposition follows.
B. 6 B Generalization of GWOR to Odd Number of Inputs/Outputs
The method introduced for GWOR with even number of ports can be adapted to build an N×N GWOR (N=2n+1 and n≥2). Here, the N waveguides are divided into (n+1) groups, among which the first n groups are the same as for GWOR with even number of ports, but the (n+1) th group contains only one waveguide (I n →O n ). The interconnection rules in Section 3.A are followed to interconnect the N waveguides. The only difference is at the last step, the intersection of the single waveguide group (i.e., the (n+1) th group) with any vertical waveguide group only has the two upper crossings of a check shape, which is called reduced check shape.
The wavelength assignment scheme for odd number GWOR is determined by
Tab. III shows the wavelength assignment of 5×5 GWOR. Similarly, an MRR corresponding to the assigned wavelength is placed at the waveguide intersections to direct light signals from I i to O j when i and j satisfy i≠j and i+j≠N-1. Fig. 5 shows the constructed 5×5 router.
The properties of N×N GWOR (N=2n+1 and n≥2) are stated in the following theorems. 
IV. COMPARISON AND ANALYSIS
In this section, we analyze and compare the number of MRRs used and power loss of the 4×4 GWOR with that of the existing router designs including the matrix-based crossbar [15] , the reduced crossbar [14] , hitless router [17] , WRON [18] [19] , and λ-router [3] . Tab. IV shows that GWOR and the hitless router use the least number of MRRs. Tab. V lists the power loss comparison of the maximum and average power loss experienced from one input port to an output port of these routers. The power loss assumption of MRRs and waveguides in [2] is followed here: each MRR has a drop-loss of 1.5dB and a through-loss of 0.01dB, and the crossing loss and bending loss of waveguides are 0.05dB and 0.013dB, respectively. It can be seen that GWOR has the least maximum power loss and average power loss among the six router designs.
V. CONCLUSION
In this paper, we proposed a generic passive non-blocking router architecture, namely GWOR, which is scalable from 4×4 to any size. Routing in GWORs is realized by adopting different input wavelengths and corresponding MRRs. The wavelength assignment schemes are derived for GWORs with even and odd number of input/output ports. A N×N GWOR needs N-1 input wavelengths, and N(N-2) (for N=2n) or (N-1) 2 (for N=2n+1) MRRs for routing. Compared with the existing non-blocking router designs, GWOR uses the least number of MRRs and has the least power loss. In addition, the passive nature of GWORs excludes the power needed to drive the tuning and control circuits of those active routers. These advantages make the proposed GWOR a useful building block for future power-efficient photonic NoCs.
